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Abstract. We show that consideration of the low lying baryon states in addition 

to the neutron and proton (specifically, the A, C, and A states) reduces the ratio of 

baryon number density in the quark phase to that in the hadronic phase by more 

than a factor of 2. This implies that inhomogeneities in the local baryon number 

to photon ratio produced during the quark/hadron transition are likely to smaller 

than previous estimates, and therefore unless the transition temperature is less than 

- 150 MeV, the effects upon primordial nucleosynthesis will not be signi5cant. 
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Itl+ been pointed out,thatifthe quark/hadron transitioni is strongly 5rst order 

and if the transition temperature is low enough, then large local fluctuations in the 

baryon-to-photon ratio can ariser, and might significantly modify the predictions 

of the standard scenario for primordial nucleosynthesis3-6. [For a review of the 

standard scenario of nucleosynthesis see Refs. 6.1 Among other things, the potential 

effect of the quark/hadron transition upon primordial nucleosynthesis depends upon 

the magnitude of the 5uctuations in the baryon-to-photon ratio, 0. The size of the 

fluctuations is estimated by computing the ratio (S R) of the net baryon number 

density in the quark phase to that in the hadron phase at the critical temperature 

T,, assuming thermal and chemical equilibrium between the quark and hadron 
phases’. In so doing, the only baryonic states in the hadronic phase that have 

been taken into account are the neutron and proton. Here we point out that the 

predicted value of this ratio R decreases significantly when other low lying baryon 

states are included: speciscally, the Jp = 3/2+ A++, A+, A”, A- states and the 

Jp = l/2+, strangeness - 1 states, A, Cf, C”, C-. 

The net baryon number density in a species i with internal degrees of freedom 

gi and baryon number *l which is very non-relativistic and in thermal equilibrium 
with chemical potential pi is: 

n;R = 2gi(miT/2n)3/z q(-mi/T) sinh(pi/T) 04 

where T is the temperature and mi is the mass of species i. 

The net baryon number density associated with a highly-relativistic species with 

internal degrees of freedom gi and baryon number jzi in thermal equilibrium is: 

ni = (i7iT3/6rz)[4a(Pi/T) + ~(/&/~)“]a 

Numerical studies indicate that the transition temperature for the quark/hadron 

(i.e., deconttnement/conflnement) transition is probably in the range’: I’, - 2AE z 

100 - 400 MeV. [The quantity A= is the QCD renormalization scale computed 

in the modified, minimal subtraction schemes; recent determinations indicate that 

A= 21 100 MeV-400 MeV (Ref. Q).] In the quark phase, the u and d quarks 

(masses 5 10 MeV) are most certainly relativistic, while it is uncertain whether or 

not the s quark (mass - 150-300 MeV) is. In the hadronic phase, all baryonic states 

are more massive than - 940 MeV and so are non-relativistic. Making the assump- 

tion of thermal and chemical equilibrium between the quark and hadronic phases, 
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and ap4ging that the quark, chemical potential is flavor-independent (z ps) and 

that the hadron chemical potential is state-independent (E p~h) it follows that: 

3c(q = tih. (2) 

The net baryon number density in the quark and hadronic phases is respectively: 

ngq = (2 or 3)(4a/3na)phTB (3a) 

ngh = 2~.hT’(2~)-~/~[4=3Nl~~-~~ + ~z;‘~c-‘~ + ~z~C/~C- + 16~~~e?~] (3b) 

where ZN = mN/T (gN = 4, rnN c- 940 MeV), ZA =.mt,/T (gr = 2, rnh z 

1120 MeV), zc = me/T (gc = 0, rnc z IlQOMeV), z~ = ma/T (ga = 16, ma u 

1230 Mel’), and gsu,,,s = 6 (for each flavor). Only terms of O(ph/T) have been 

retained in Eqns(3) since @h/T m lo-‘o < 1. In the expression for nns the 2(3) 

pertains if u and d (u,d, and s) quarks are considered. The baryon number density 

contrast R between the two phases at the critical temperature is: 

R = (m&3h)/T. 

= (2 or 3)(2/?r)‘/1(2a/3)[2=3N/2e-ZN + z~‘eezA 

+3.4~e-zc + gzye-zA]--l 

where Zi = mi/Tc. The baryon number contrast R as a function of Tc is shown in 
Fig. 1. 

From Fig. 1 the importance of including the Z = 3/2, .Z = 3/2 A resonance is 

very clear: it leads to a reduction in R by a factor of more than 2 for T, 2 150 f&V. 

The inclusion of the strangeness -1 states is much less important. In addition, there 
is some question whether or not the strangeness -1 states would be in thermal 

equilibrium in the hadronic phase. [We have also considered the effect on R of 

including the next lowest mass baryon state, the 9-, P (strangeness = -2) states. 

For T. 2 100 MeV, their effect upon R is less than u lo%.] Note that for a 
sufficiently high value of Tc it becomes thermodynamically favorable for the baryon 

number to reside predominantly in the hadronic phase and R < 1. 
In sum, for Tc 2 150 MeV the inclusion of the low msas states beyond the 

neutron and proton ensures that R is less than 10, and for Tc >_ 200 MeV that R 

is less than 2. Thus it is very unlikely that sufficiently large inhomogeneities arise 

to affect primordial nucleosynthesis, unless Tc is very low. 

[The importance of the low lying baryon resonances has also been pointed out 

recently by Alcock etal’, who anive at essentially the conclusion as ours.] 
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Figure Caption , L.~. 
Figure 1 - Equilibrium ratio of net baryon number density in the quark phase to 

that in the hadron phase as a function of the critical temperature T,. In the quark 

phase only 2 quark flavors (u and d) have been used; if the s quark is also in thermal 

equilibrium and relativistic (m, c( T,), then these results must be scaled upward 

by a factor of 312. 
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